We report the discovery of low amplitude oscillations in the star HD 92277 from long, continuous observations in the r and g-bands using the CSTAR telescopes in Antarctica. A total of more than 1,950 hours of high quality light curves were used to categorize HD 92277 as a new member of the δ Scuti class. We have detected 21 (20 frequencies are independent and one is the linear combination) and 14 (13 frequencies are independent and one is the linear combination) pulsation frequencies in the r and g-bands, respectively, indicating a multi-periodic pulsation behaviour. The primary frequency f 1 = 10.810 d −1 , corresponds to a period of 0.0925 d, and is an l = 1 mode. We estimate a B − V index of 0.39 and derive an effective temperature of 6800 K for HD 92277. We conclude that long, continuous and uninterrupted time-series photometry can be performed from Dome A, Antarctica, and that this is especially valuable for asteroseismology where multi-color observations (often not available from space-based telescopes) assist with mode identification.
Introduction
Asteroseismology is a powerful method to probe the interior of pulsating stars. Different oscillation modes penetrate to different depths inside the pulsating stars, providing important information about their otherwise unobservable interiors. To detect as many oscillation modes as possible, astronomers have employed telescope networks in temperate sites around the earth to obtain long periods of continuous photometric data without diurnal aliasing. Examples of such networks include the "Whole Earth Telescope" (WET, Nather et al. 1990) , the "STEllar PHotometry International" (STEPHI, Michel et al. 1992 ) and the "Global Oscillation Network Group" (GONG, Harvey et al. 1996) . In this new century, two possibilities have emerged for uninterrupted time-series photometry. The first one is using space telescopes such as MOST (Matthews 2007) , CoRoT (e.g., Baglin et al. 2006) and Kepler (Borucki et al. 2010) . While the main aim of the Kepler mission was to search for exoplanets using the transit method, the resultant high precision photometric data are suitable for studying variable stars, including pulsating stars, using asteroseismology. The second possibility is conducting observations from polar sites where there is continuous darkness for months, and many stars are circumpolar. Examples of studies where polar sites have advantages include searching for exoplanets (e.g., Pont & Bouchy 2005; Deeg et al. 2005) , stellar rotation and activity (e.g., Strassmeier & Oláh 2004) , and asteroseismology (e.g., Fossat 2005; Mosser & Aristidi 2007) . The excellent atmospheric conditions above the Antarctic plateau have triggered the enthusiasm of astronomers and astrophysicists worldwide in recent decades (Ashley 2013 , and references therein). For asteroseismology, the main advantages of Antarctica are the high fraction of clear weather, the low noise from atmospheric scintillation, the long periods of darkness, no diurnal aliasing, and low airmass variations as a result of the extreme southern latitude. (Saunders et al. 2009 ). Dome C has a median seeing of 0.23 arcsec at 500 nm-and correspondingly low scintillation noise-when observations are made from above the turbulent boundary layer 33 m above the ice (Lawrence et al. 2004 ). The median boundary layer height at Dome A is 14 m (Bonner et al. 2010) , making the free atmosphere more easily accessible than it is at Dome C. Dome
Fuji is another potentially excellent site on the Antarctic plateau (Okita et al. 2013 ).
The first-generation optical telescopes at Dome A were those of the Chinese Small
Telescope ARray (CSTAR, Liu & Yuan 2009 ) and were deployed in January 2008, supported by the PLATO observatory Yang et al. 2009 ). CSTAR consisted of four co-mounted 14.5 cm telescopes pointed without tracking at the South Celestial Pole.
One telescope was unfiltered, the other three had fixed Sloan g, r, and i filters. CSTAR collected data autonomously for four winters, with no humans on site. Various issues resulted in CSTAR's i-band telescope being the only one working at peak performance and able to collect a mass of scientific data. With the first year's data, Zou et al. (2010) investigated the statistics of sky brightness and transparency, and Zhou et al. (2010a) published a catalog of about 10,000 stars. Using the i-band data from 2008 and 2010, Wang et al. (2011 Wang et al. ( , 2013 periods with a photometric precision of 3 and 4 mmag in V and R, respectively, over a period of 2.4 hours.
The CSTAR telescopes observed thousands of stars simultaneously in an excellent stable atmosphere and with long time coverage. The photometric precision for bright stars reached the few mmag range (Wang et al. 2011 (Wang et al. , 2013 , similar to the results from Octans and a white subgiant star with a spectral type of F0IV/V (Houck & Cowley 1975) . Up till now, it has not been classified as a variable star.
Using CSTAR data from 2009 we categorize this star as a δ Scuti variable, and have used it to test the potential of asteroseismology at Dome A.
We present the analysis of data collected with two CSTAR telescopes, those with g and r filters, obtained in the winter of 2009 from April to July for the newly discovered δ Scuti star HD 92277. We describe the 2009 observations from CSTAR in Section 2 and the data reduction process in Section 3. Section 4 reports the pulsation analysis while Section 5 presents discussion. In the last section, we give our summary, conclusions and prospects for future work. It is shown that time-series photometry can be conducted very well from Dome A, Antarctica, which has some potential for the field of asteroseismology.
Observations
CSTAR operated for four consecutive winters from January 2008. CSTAR is composed of four identical 14.5 cm telescopes each of which has a FOV of 4.5 × 4.5 deg 2 on a common mount, all pointed at a fixed position very near to the South Celestial Pole. Each telescope is equipped with an ANDOR DV435 1K × 1K frame-transfer CCD, with 13 µm pixels, operating at ambient temperature. The frame-transfer CCD was chosen since it allowed shutterless operation, which was a priority for the prototype instrument to avoid mechanical failures, but also meant that bias and dark frames could not be taken. Three different fixed filters (Sloan g, r, i ) were mounted on three of the telescopes, while the fourth telescope had no filter. Due to the deliberate lack of a tracking mount, the stars traced circles on the CCD frames over a sidereal day, but only moved a small fraction of a pixel during an exposure time, typically 20 s. There are no moving parts used in normal telescope operations and there is not human attendant during the observing season. The CSTAR telescopes worked at weather conditions of sky brightness below 10,000 ADU/pixel. A more detailed description of CSTAR can be found in Zhou et al. (2010a) and Liu & Yuan (2009 respectively. The duty cycle defined here is the total integral exposure time of scientific data over the whole exposure time in the Antarctic winter. The sky brightness in the two bands was investigated by Zong et al. (2014) , and the effect of airglow and aurorae on observations at Dome A by Sims et al. (2012) . The sky brightness (normal or auroral) was never high enough or rapidly changing enough to adversely affect the measurements of variability for the scientific data, due to the differential measurement technique described in the next section.
Data reduction

Preliminary data reduction and photometry
Bias subtraction and flat-field correction were applied to the raw CCD images without dark subtraction, which was negligible. The CCD was operated, without cooling Dewars, at the ambient Dome A temperature around -80
• C over the whole Antarctic winter. Two bias frames were acquired during the instrument test at Xinglong Station in China prior to deployment to Antarctica. We combined two super-flats, one in each band, by taking median frames of carefully selected samples of 320 and 267 images with relatively high sky brightnesses, 7,000-7,600 ADU in g-band and 5,000-5,800 ADU in r -band, obtained from We used the images with 20 s exposure time for aperture photometry. In good weather conditions, more than 6,000 stars up to 14.5 mag and about 5,000 stars up to 14 mag were detected on each frame in r and g respectively. The telescopes were not perfectly focused, which limited the number of stars, but probably improved our photometric accuracy due to were discarded when the number of stars on these images totalled less than 2,000 when the sky brightness was very low, as shown in both the g and r-band telescopes. Those discarded images were collected from April 14 to 23, 2009. We presume that some technical problem (perhaps icing on the telescope optics) had affected the r-band telescope during this period. 148,512 images in r-band and g-band underwent aperture photometry using the DAOPHOT routine within IRAF 1 . About 99,000 abnormal data points in r-band and 35,000 in g-band were discarded since these points were affected by either large atmospheric extinction, high sky level, or contamination from satellite trails on the images. There were still a few data points that differed significantly from the local standard deviation in the light curves. We discarded these data points by applying a five-pass 3σ clipping filter using a 3rd order polynomial fit to 100 nearby data points. photometry used an aperture of 5 pixels in radius. We derived zero-points of 3.93 ± 0.10 mag and 3.76 ± 0.10 mag in r and g based on 63 and 51 stars, as shown in Figure 1 (a) and
Figure 1(b), respectively.
Time calibration
The failure of a GPS time source meant that the raw times recorded with the images were based on uncorrected computer times. We derived the drift rates of the computer clocks by using the methods described in Zhou et al. (2010b) . Figure 2 show the difference between the two computer times of the telescopes and UTC calculated using star positions on the CCD frames. The computer time of the g-band telescope ran fast by 1.03 s per day for its entire run. For the r-band telescope, the clock ran slowly by 1.03 s per day and there We conducted photometry in a series of apertures (radii of 2.5, 3.0, ..., 5.5 pixels).
The optimized aperture for the stars depended on their minimum photometric scatters in magnitude. Figure 3 shows photometric scatters for the bright stars (< 10 mag) with the optimized aperture over a period of 6 hours of the first quarter on May 17, 2009. As can be seen from Figure 3 , the system can be used to determine relative magnitudes with a precision of several milli-mag on these short time scales. This enables one to study pulsators with amplitudes from ∼0.01 to 0.1 mag, e.g., δ Scuti stars, β Cephei (Stankov & Handler 2005 ) and γ Doradus (Kaye et al. 1999) variables. For stars with magnitudes in the range 10 < [r, g] < 13, the photometric precision is 0.1 mag or better, which is suitable for studying pulsating variables such as high amplitude δ Scuti stars, Cepheids and RR Lyrae stars. Stars with magnitudes [r, g] > 13 were observed with less precision, but, in principle, longer term pulsations for such stars can be determined by averaging over many short exposures.
HD 92277
The photometric scatter is typically 6 mmag in the best observation conditions for our target HD 92277 in r-band, and near 8 mmag in g-band. Note that the comparison star HD 93426 is nearly one mag fainter than the target HD 92277 in g-band while their magnitudes are very similar in r-band. The inset zooms are for stars with apparent magnitude in the range 7.8 < r, g < 10.6. Note that the photometric precision for our target HD 92277 (V = 9. m 10) is about 7 and 9 mmag (1σ) in r and g-band, respectively.
HD 99685 relative to the first check star HD 98784 in r and g-band.
Pulsation analysis
We performed frequency analyses on the reduced light curves by using the software PERIOD04 (Lenz & Breger 2005) . The software makes a search for significant peaks by calculating the amplitude spectra of the Fourier transform (FT) and fits the observed light curves with the following formula,
The top panel of Figure 8 (a) shows the Fourier amplitudes of the light curves in r-band.
We have resolved 89 peaks with SNR above 4.0 (Breger et al. 1993; Kuschnig et al. 1997 ) in r-band for star HD 92277. Figure 4 shows the fitting curves with the 36-frequency solution in r-band listed in Table 4 . The unlisted 53 peaks (spurious frequencies, see Section 5.1 for details) have very tiny difference in fitting the light curves for HD 92277, same to the g-band light curves fitting. Figure 9 shows the Fourier amplitudes from the frequency pre-whitening process for the r-band data.
The Fourier amplitudes of the data collected with the g-band telescope of CSTAR are shown in Figure 8 (b), which presents a relatively larger noise level than the r-band data.
We have detected 104 peaks with a SNR above 4.0 in g-band for star HD 92277. Figure 5 shows the fitting curves with the 27-frequency solution in g-band listed in Table 4 .
Since obvious variations with a period of one day are seen in Figure 6 and 7, we also performed frequency analyses on these light curves. We select the frequencies of two check stars' light curves as a reference to the frequencies detected from the data of the star We have detected 89 frequencies in r-band and 104 frequencies in g-band with SNR higher than 4.0. The frequencies are of two kinds: stellar pulsations and spurious frequencies that are not intrinsic to the star. The latter are included when fitting the light curves, but are not considered to be stellar oscillations of HD 92277. We list the stellar pulsation frequencies and the first 10 and 11 spurious frequencies in r and g-band, respectively, in Table 4 .
The detected stellar pulsations number 21 in r-band and 14 in g-band for the star HD 92277. The detected 20 and 13 frequencies are independent in r and g-band Note. -The "Sidereal" flag means that the frequency is likely influenced by the earth rotation, the "Lunar" flag means that the frequency may be related to the moon phase, the "?" flag means that the frequency is in the low-frequency domain (<1.5 c/d), and the "data" flag means that the frequency is likely influenced by the length of the data set. The spurious frequencies have subscripts s, l and d, corresponding to the origin in the source indicated by the flags noted above (see rightmost column).
(< 1.5 cd −1 ), induced mainly by variations in the atmospheric transparency and in the sensitivity of the CCD detectors. The frequencies from f 22 to f 26 are combinations of one independent pulsation frequency with one spurious frequency, two of which, f 22 = 9.252 cd −1 and f 25 = 24.856 cd −1 , are detected in both bands.
Steps toward mode identification
The oscillation amplitude of HD 92277 is 0.03 mag and 0.04 mag in the r and g-bands respectively. The color index g − r = 0.2 was calculated from the data sets, and we used the following equation (Jester et al. 2005) , (Swamy 1996) ,
where we adopted the bolometric correction BC = 0.022 from Table 3 of Flower (1996) , obtaining M bol = 0.75± 
The pulsation constant, Q, of a δ Scuti star is defined by the period-density relation:
which can be rearranged in the form, log Q = −6.454 + log P + 0.5 log g + 0.1M bol + log T eff .
From equations (1) and (2) we obtain the pulsation constant log Q = log P + 0.25M bol + 3 log T eff − 12.471.
Finally, using T eff = 6800± respectively, indicating both the pulsations in the low overtone p modes. The lack of observational parameters such as log g hinders our ability to obtain more precise pulsation constants of these frequencies. Hence, it is impossible to make further mode identifications based on the Q values of these frequencies alone.
An alternative method of mode identification is the examination of amplitude ratios and phase variations of measurements at different wavelengths (Garrido et al. 1990; Watson 1988; Balona & Stobie 1980) . The variations in two color bands observed at the same time during the 2009 observational duty of CSTAR telescopes were used to derive phase shift and amplitude ratio values for the first two frequencies. We firstly transformed g and r magnitudes into B and V magnitudes by using the following equation (Jester et al. 2005) ,
Then we made a series of Fourier transforms of the data sets in both bands observed at the same time, changing the start offset time in a range with the uncertainty of 0.0006 days. The amplitude ratios of frequency f 1 and f 2 are A B−V /A V = 0.360 ± 0.004 and 0.407 ± 0.005, respectively. The phase shift of frequency f 1 is φ B−V − φ V = −5.7 ± 4.6
• .
The position of mode f 1 is shown on Figure 10 , which suggests that frequency f 1 is more likely to be an l = 1 mode (Watson 1988) . However, the value of phase shift of frequency f 2 has a very large uncertainty that prohibits any further attempt at mode identification. The upgraded CTSAR telescopes, with the tracking mount and a working GPS time source, will greatly reduce the number of spurious frequencies and would identify more oscillation modes of HD 92277 based on their values of the amplitude ratio and the phase shift.
Limitations of CSTAR
The discovery of the new δ Scuti star HD 92277 with more than a dozen independent frequencies of oscillation, shows some potential of conducting continuous multi-colour photometry from Dome A, Antarctica. Apart from the frequencies intrinsic to the star, dozens of spurious frequencies were seen in the light curves of HD 92277-these are believed to be inevitable when using a small aperture telescopes with a wide FOV, without tracking, and over a long period of time (so, e.g., changes in the sky background with the phase of the moon have an effect). We should be able to reduce the amplitude of the spurious frequencies by using an ensemble of reference stars close in declination to HD 92277, so that they trace the same circles on the CCD frame over a sidereal day. Such methods had been employed with data from the i-band telescope (Meng et al. 2013 ) in order to increase the photometric precision of the CSTAR catalog, but this is beyond the scope of the present paper.
Space missions can, of course, obtain much higher precision photometry than any ground-based telescope, although usually unfiltered or monochrome. For example, the very precise photometry from the CoRoT mission makes it possible to study several δ Scuti stars at the noise level of a few hundredths of mmag, resolving hundreds of frequencies in δ Scuti stars such as HD 50844 (Poretti et al. 2009) give several striking results such as the regularity seen in the frequencies of the δ Scuti star KIC 8054146 (Breger et al. 2012) , the discovery of solar-like oscillations in the δ Scuti star HD 187547 (Antoci et al. 2011) , and ∼ 23% δ Scu/γ Dor hybrids in pulsating A-F type stars (Uytterhoeven et al. 2011 ).
Summaries, conclusions and prospects
We have reported high quality time-series photometry for HD 92277 in two bands, g and r, from the CSTAR telescopes during the winter of 2009 from Dome A, Antarctica. The total exposure times were 694 and 1,264 hours in g and r-band respectively. We detected 21 frequencies in r-band and 14 frequencies in g-band, 14 of which were detected in both bands. The primary frequency f 1 is more likely an l = 1 p-mode, based on the amplitude ratios and phase variations of the modes. HD 92277 is classified as a new δ Scuti star based on its spectral type and the primary frequency corresponding to a period of 0.0925 d. The pulsation constant values Q for the first two frequencies were estimated by using empirical formulae.
HD 92277 is the first asteroseismic target observed from Dome A, and shows multi-period oscillations. Our work shows that multi-color observations bring valuable information to help with the mode identification of the pulsations, and show how groundbased multi-color asteroseismology has some advantages over monochrome data from space missions. Unfortunately, since very few observations have been made of HD 92277 before, the star lacks precise physical parameters such as log g, metallicity [M/H], and projected rotational velocity v sin i. Spectroscopic observations are particularly needed for further investigations, such as testing the detected frequencies by using seismic models and determining the evolutionary status and mass of HD 92277 by using stellar evolution models such as the MESA code (Paxton et al. 2011 ).
CSTAR, the prototype instrument for photometry deployed at Dome A, has been operated since 2008 for four winters, and will be re-deployed in January 2015 with improvements, including a tracking mount and a working GPS time source. The upgraded CTSAR telescopes will greatly reduce the number of spurious frequencies and would identify more oscillation modes in pulsating stars, including HD 92277, based on their values of the amplitude ratio and the phase shift. The scientific results from CSTAR, together with those from other instruments deployed at Dome A, show that the observational conditions are better in many respects than temperate sites. Dome A offers well in excess of 1000 hrs of photometric time with a > 60% duty cycle every year, with low scintillation noise, long periods (weeks) of continuously good conditions, no diurnal aliasing in winter, and low airmass variations as a result of the extreme southern latitude. These factors all make precision photometry possible, and are especially important for asteroseismology. The 14.5 cm CSTAR telescopes can effectively monitor bright targets around the South Celestial
Pole. The weather is the fundamental limitation for CSTAR as it is for all ground-based telescopes. Other limitations include low frequency drifts in CCD sensitivity and small focus changes.
The first of three AST3 telescopes, the successor of CSTAR, was installed at Dome -32 -A in January 2012 and a second AST3 is planned to be installed there in January 2015.
The AST3 telescopes will monitor parts of the southern sky in one month time blocks, and will offer high-quality photometric data in three different bands, G, R and I, to provide important information for mode identification for pulsating stars, which monochrome space missions such as CoRoT and Kepler cannot do. Obviously, pulsators in the FOV of AST3 will spread over the entire H-R diagram since the targets can be as faint as I = 19.5 mag.
KDUST, the third-generation Chinese Antarctic telescope, with a 2.5 m aperture is now being designed (Yuan et al. 2013) , and could make follow-up observations of interesting pulsating targets. Time-series spectroscopic observations conducted by KDUST would be very valuable for asteroseismology. By comparing the spectroscopic and photometric observations with stellar models, it would assist with a precise determination of oscillation modes from which one could learn more details of the internal structure of the stars.
astronomers that set up and provide annual maintenance for the CSTAR telescopes and other facilities. 
